
·•· 

THIS DOCUMENT IS BEST 
QUALITY AVAILABLE. THE COPY 

FURNISHED TO DTIC,CONTAINBD 

A SIGNIFICANT NUMBER OF 

PAGES -. WHICH DO . NOT 

REPRODUCE LEGIBLYo 





UBCLA88IFIBD 
Sscuiity Clsssl»   »tton 

DOCUMENT CONTROL DATA -R&D 
(Sacurtty cl—ltlcaUan of IM», body of «fcthacl and In4nln* rttotatlan mual ha antarad »won fta onataH rapart )« tlaaalllad) 

I. ORIGINATING, ACTIVITY fCoywiW IftW) |M> REPORT SECURITY CLASSIPICATION 

IB Amy Katlck laboratories 
Rattle f Man A.    017^  

ta. SÄOU» 
HEMasgao 

1.  REPORT TITLE 

Thermal Behavior and Melting of Hen-Ionic Dye Solids 

4. OESCRIPTIVI NOT» (Typ* at ?apatt and Ineltmlrm oatmt) 

Beaearch Report 
III (Pint MM, aldWa tail *.  AUTHQRIS) ( i Mllml, laat n—aj 

Francis Jones and Leonard F. Flores 

«. REPORT DATE 

December 1970 

7a.  TOTAL NO. OP PAGES 

61 
TO. NO. OP REPS 

28 
•a. CONTRACT OR «RAN V NO. 

b. PROJECT NO. 

NumiMii 

71-52-CB(C&PLSB>86) 

So. OTHER REPORT NOCS» (Any oftar 
fkfa nmart) 

number* dial may ba aaaldnad 

10. DISTRIBUTION STATEMENT 

Approved for public release; distribution unlimited. 

II. SUPPLEMENTARY NOTES IX. SPONSORING, MILITARY ACTIVITY 

US Army Natick laboratories 
Hatick. Mass. 01760  

IS. ABSTRACT 

The physlco-thermal process occurring In pure disperse and vat dye solids on 
heating up to the melting or decomposition point of the dye has been examined. 
Differential scanning calorlmetry has been used to detect and characterize solid-*solid 
and solld^llquld phase changes by determining heats and entropies of transition and 
melting. The existence of polymorphs and associated thermal transitions has been 
shown by hot-stage microscopy, photomicrography, and X-ray powder diagrams. The 
calorlmetric method has also been used to determine the temperature dependence of 
the heat capacity of the dyes. In those dyes exhibiting a eolld-*Liquld phase change, 
evidence of pre-melting or premonitory effects are observed from which the activation 
energy of disorder formation in the crystal has been found. With vat dyes, which do 
not melt within the temperature range considered, there is evidence for an increase 
in lattice perfection at high temperature without change In lattice structure. The 
results may be usefully applied to dyeing processes both under aqueous and anhydrous 
conditions. 

■Six yearn 4 A "VSI ««PLACES DO P©RM UT». • JAN •* 
W   I MOV «si 4/0      ••••»■■.»« FO" *■*•* u»s- 

I. WHICH I« 

UaCIASSIFISD  
Sacurity Classification 





Uct>cW qJSflssr 

HOLI    »T HOLI    WT NOLI    «FT 

Heating 

Dyes 

Melting 

Decaapoeitloa 

Crystal structure 

8 

1 

k 

k 

10 

1- 

8 

8 

6 

7 

6 

6 

7 

tncLAssiriiD 
Security Classification 



■ . ,-, 

Approved for public release; 
distribution unlimited AD 

TECHNICAL REPORT 
71-52-CE 

THERMAL BEHAVICR ARD MEXTING OF NON-IONIC DYE SOLIDS 

by 

Francis Jones 

and 

Leonard F. Flores r~\     r"\    S"" D U 0 

u 
r 
j 

{ MR » *"   ||1 
!                                     i   1 

ÜiSSTbLiTF LblHJ 
D 

December 1970 

Series:   C*PLSEL-86 

Clothing and Personal Life Support Equipment Laboratory 
U. S. ARMY NATICK LABORATORIES 
Natlck, Massachusetts   OI760 



FOREWORD 

The Visiting Scientist Research Associateships Program administered 
by the National Academy of Sciences permits an Infusion of new Ideas, 
approaches and talents Into the NIABS program. The subject matter In 
the research undertaken by the scientist Is usually one of his own 
choosing with specific relevance to the mission of the laboratories. In 
the present Instance, the choice of subject has broad scope relatedness 
not only to several areas of concern to the Army but has broader Implications 
In the civilian sector. With the Increased use in military clothing of 
fibrous systems that are difficult to dye from aqueous media and which 
are amenable to vapor phase techniques, the Implications of the studies 
reported here become truly significant. The fact that the scientist 
came from a foreign university also added to the value of the program In 
that there was an opportunity for exchange and cross-fertilization, 
considerations that form a good foundation for mutual understanding and 
for progress. The junior author of this report was detailed from his 
normal duties in the Test Methods Development Branch, TRUED,  C&FISEL, 
to assist the senior scientist In this work. Mr. Frank Rizzo served as 
Scientific Advisor. 

The authors gratefully acknowledge the award of a Visiting Scientist 
Fellowship to Francis Jones by the National Research Council, National 
Academy of Science, Washington, D. C, which enabled this research pro- 
ject to be undertaken. The close co-operetlon of Mr. Frank J. Rizzo, 
who3e prompt procurement of apparatus and facilities lead to completion 
of the rese-areh within a nine month period is gratefully appreciated. 
Acknowledgement Is also due to Dr. R. Desper of the US Army Materials and 
Mechanics Research Center, Watertown, Mass., for permitting the use of 
X-ray and related facilities for this study. The senior author wishes 
to express his appreciation for the hospitality and friendliness of 
members of the staff of the US Army Natlck laboratories. 
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ABSTRACT 

The physico-therraal process occurring In pure disperse and vat dye 
solids on heating up to the melting or decomposition point of the dye has 
been examined. Differential scanning calorlmetry has been used to detect 
and characterize solid-* solid and solid-*liquid phase changes by deter- 
mining heats and entropies of transition and melting. The existence of 
polymorphs and associated thermal transitions has been sham by hot- 
stage microscopy, photomicrography, and X-ray powder diagrams. The 
calorlmetrlc method has also been used to determine the temperature 
dependence of the heat capacity of the dyes. In those dyes exhibiting 
a solid-»liquid phase change, evidence of pre-melttng or premonitory 
effects are observed from which the activation energy of disorder 
formation In the crystal has been found. With vat dyes, which do not 
melt within the temperature range considered, there is evidence for an 
increase in lattice perfection at high temperature without change In 
lattice structure. The results may be usefully applied to dyeing pro- 
cesses both under aqueous and anhydrous conditions. 
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HRRODOBTXOI 

In the technical application and nanuf acture of dyes and pigments 
which do not contain water-solubillzing groups, there Is a growing aware- 
ness that differences In properties of solid particles, particularly 
color, nay he due not only to particle morphology and size, but also to 
the existence of crystal structures which nay differ fron each other but 
which derive from the sane compound. Linear qulnacrldones, lndanthrone, 
Indigo and thlolndlgo are examples which nay show differences In shade 
and In other properties, depending upon the conditions during the final 
stages of manufacture or during their application. 

Although crystal structures of simple azobenzene derivatives (l) 
and anthraquinonold dye intermediates such as l,5-dinitro-l»,8-dihydroxy- 
anthraquinonc., N,N*-dlphenyl-l,5- and N,N'-diphenyl-l,8-diaminoanthraquinone 
(2) have been routinely Investigated by X-ray diffraction methods, little 
referees has been made to the possibility that the crystals examined may 
exist in metastable or stable fonos. The opinion has been expressed (3) 
that routine analyses of this type must give way to structure analyses 
made at various temperatures or pressures or under other changed or changing 
conditions which occur in different crystallization or precipitation pro- 
cesses. The fact that copper phtholocyanlne and platinum phthalocyenlne 
both exist in different structural forms which are stable at room temper- 
ature has however been taken Into account (k) In more recent structural 
determinations. 

The main purpose of the present research, In this context then, Is to 
determine whether the existence of different structural forms of dyes and 
pigments can be shown to occur using means which do not involve a full 
X-ray structural Investigation and to determine whether changes in form 
can be Induced by thermal treatment. 

Polymorphism 

The occurrence of more or less stable crystal structures of a sub- 
stance is known as polymorphism and the change from one crystal structure 
to another is known as a polymorphic transition or transformation. The 
ability to crystallize as more than one distinct crystellographlc entity 
is best Illustrated by the structures of carbon as diamond or as graphite. 
Differences In structure lead to differences in properties and in comner- 
clal products to differences In performance. It is for this reason that 
competitive Industry publishes research on this topic only at Infrequent 
Intervals. 

Most compounds, both Inorganic and organic are polymorphic, although 
the preparation of some polymorphic modifications may be difficult or Im- 
possible to realize In practice. It must be pointed out that crystals 
possessing different habit or shape (which can also lead to differences 
In the visual appearance of solids) are not necessarily polymorphic. 
Crystals of different habit but of the sane crystallographlc arrangement 



slvays hsve the same angle between the same faces whereas crystals of poly- 
morphs of the same compound also exhibit different angles. Since the phen- 
omenon Is dependent upon differences In lattice arrange—nts, any process 
which destroys the crystal lattice nay be used to Induce different crystal 
foras. Under conditions such as melting, vaporization or solution of 
the aolld the lattice arrangaaent of Boleculea becomes disordered or random. 
By Inducing order Into such a random system through crystallisation from 
solution or melt, or direct condensation to solid from vapor, the new 
lattice arrangement may differ from the original. Similarly, by crystal- 
lizing from the same solvent under different conditions, at different 
rates for example, or by crystallising from different solvents, new forms 
of crystals may be obtained. It becomes obvious then that the conditions 
and methods employed in the last stages of the technical manufacture of 
dye solids, such ss crystallization, chemical reaction and precipitation, 
or salting out, will determine whether the dye solid obtained Is one 
modification or another. Changes of a physical nature could also occur 
during drying and grinding processes, dyeing end any beet-treatment process. 
It is the latter process with which we are concerned in this research. 

a. Classification of Polymorphic Transitions 

In addition to obtaining pclymCi^bü through phase changes the supply 
of energy In the form of heat can lead to transitions In which no obvious 
visible phase change can be detected. It is useful therefore to attempt 
to characterize all the mechanisms by which transitions may arise. 

In all cases it is necessary to supply energy to the solid. The trans- 
ition may result from dilation or distortion of the lattice network to 
form a new arrangement. This type of transition may not Involve any Inter- 
molecular bond breakage and consequently the re-arrangement may occur 
rapidly. The disorder Induced in the solid may represent rotational disorder 
of the molecules in which the molecules move about their mean positions in 
the network. Some of the weaker bonds between molecules ere broken while 
stronger bonds ere retained. Greater energies are required to effect 
transformations In which the lattice network la broken and re-formed in 
a new arrangement. In some cases this bond energy within the lattice may 
be greater than that required to break Interatomic bonding In the molecule 
end decomposition may occur at lower temperatures than transition. It 
Is interesting to observe that Indigo crystals decompose to give a product 
in which the original crystal morphology Is retained. 

The classification of transition mechanisms has been carried out by 
Buerger (5) on the basis of structural changes, but, as KcCrone (6) points 
out, there appears to be no clear-cut classification. An alternative (7) 
Is to consider the transitions as first- or second-order. At constant 
pressure, both first and second order transitions possess a continuous 
free energy curve when plotted against temperature. The distinction between 
orders is that the enthalpy (H-Br) or entropy (S) curves are discontlnous, 
with an isothermal discontinuity for a first-order transition, and continuous 
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for a second-order transition. The differences are shown in Figure 1. 
Heat capacity (Cp) changes are discontinuous for both first- and second- 
order transitions. It Is assumed that the two solid phases in a thermo- 
dynamlcal treatment of this kind are separate and distinct. Thus, an 
Isothermal change occurs in the entrr-y at a specific temperature In a 
first-order transition, as shown In igure la. 

Many transitions, however, occur over a range of temperatures even 
when thermal equilibrium has been attained, and Ubbelohde (8) suggests that 
the concept of two distinct phases may break down in the transition region. 

A more empirical or phenomenological approach to the classification 
of transitions has been taken by McCullough (9) in which the shapes of the 
heat capacity-temperature curves are utilized. Figure 2(a) represents an 
ideal system in which the beat capacity changes for both a transition at 
TU_»I and melting at Tffl occur isothermally, and In which at other 
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Figure 2. PHASE TRANSITIONS IN HEAT CAPACITY-TEMPERATURE RELATIONS 

temperatures there is a normal linear relation between CL and temperature. 
Type 1 transitions are defined by this linear relation occurring over the 
whole temperature range. The type 3I transition shown in Figure 2(b) 
demonstrates a curve which is non-linear, in which a "pre-transition" or 
"fore-warning" effect is observed in both Phase I and Phase II showing 
that the transition II-*I commences before the transition temperature and 
continues after the transition temperature has been reached. The 31 
transition shows a non-linear relation both before and between transition 
temperature and melting temperature. The more familiar "lambda" curve in 
which the transition may be classified by a continuously changing heat 
capacity with a maximum or peak, is referred to as Type H. As many as 
seven different classes of transitions may be recognized. 

b. Characterization of Polymorphic Transitions 

Since polymorphism arises from the existence of different crystallographlc 



structures of the same element or compound, a direct verification can be 
obtained by X-ray diffraction techniques, either by the powder method (lO) 
or by rotation photographs of single crystals (8). 

Other methods of characterization which measure changes in those 
properties of solids that are dependent upon the forces existing between 
entitles situated at lattice eitee in the crystal are also used. The 
methods are Indirect but extremely useful« They include adlabatic calor- 
lmetry, inelastic neutron scattering, the measurement of vapor pressure 
of solids, molal volume, thermal expansion, compressibility and thermal 
conductivity. Changes in heat capacity with temperature and latent beat 
measurements are particularly useful since they allow enthalpy and entropy 
changes to be calculated. Westrum and McCullougb (ll) have given a com- 
prehensive survey of the changes in properties of organic solids on 
heating, with particular emphasis on heat capacity changes as measured 
by adlabatic calorlmetry. This general method, however, requires the 
attainment of thermal equilibrium at each temperature studied and is, 
of necessity, slow. More rapid methods which are equally informative but 
much less precise, since they rely on non-equilibrium or dynamic measure- 
ment, are differential thermal analysis (OTA) and differential scanning 
calorlmetry (DSC). 

A OTA apparatus measures the difference between the temperature of 
a sample in a cell and the temperature of a thermally inert reference 
material and records the difference against time or temperature. When 
the apparatus Is operated as a differential scanning calorimeter the 
sample and its container are maintained at the same temperature as the 
reference material and its container. In this mode, when an exothermic 
or endothermic reaction takes place, there is an exact compensation of 
energy supplied as electrical energy to the reference container. The area 
enclosed by the endothermic or exothermic peak and the base line, when this 
energy change is recorded against temperature„ is therefore a direct 
measure of the heat liberated or absorbed by the sample If the thermal 
resistance of the sample is assumed negligible. Since this method was 
used in the present research the general theory of OTA, which applies 
equally well for DSC, is given below. 

c. General Theory of Thermal Energy Flow 

Consider a sample and its container at temperature TB, as shown in 
Figure 3 with a thermal energy source at TL, and a path having a thermal 
resistance R, through which thermal energy flows to or from the sample 
at a rate of dq/dt. Both sample and container are at temperature Tg, 
the thermal resistance R is constant over the temperature range considered, 
and the total heat capacity of sample and container is C . Beat gen- 
erated by the sample, dh/dt per unit time is, by convention, positive and 
heat absorbed is negative. The heat flow from Tp to the sample is positive. 



Figure 3. THERMAL ENERGY FLOW RELATIONS IN DSC 

If a sample generates energy at a rate dh/dt the sample will either In- 
crease Its temperature or dissipate its excess energy to the surrounding?. 
The sum of these two effects must equal dh/dt, i.e., 

dh  CßdTg  dq 

dt "   dt " dt (1) 

The rate of heat loss to the surroundings is governed by the thermal 
resistance R and the temperature difference, i.e., 

dq _ Tp - Ts 

dt "  R 

Substituting for dq/dt In equation (l), 

dh _ C8dTg + T3 - Tp 
dt "  dt    R 

(2) 

(3) 

Similarly by considering the reference sample at temperature T , 

dh  Cr dTr  Tr - Tp 

dt =  dt~ +  R   s ° M 

since zero energy Is emitted by the Inert reference. By subtracting (k) 
from (3) and rearranging, we obtain, 

Rdh = T8 - Tr + R(CS - Cr)dTr + RC3d(Ts - Tr) 

dt = dt       dt (5) 



The thermal resistance R is assumed the same for both sample and reference. 
In the steady state when the scanning rate dTr/dt is constant and dh/dt = 0 
since no thermal event is taking place, and Ts - Tr is constant, equation 
(5) reduces to, 

T8 - Tr = -R(CS - CrteTj 

dt 

(6) 

This condition is illustrated as the baseline displacement of the zero 
signal level in Figure k. 

d(T8-Tr) 

I 

! 

Time 

Figure 4. VARIATION OF TEMPERATURE DIFFERENCE WITH TIME 

The third term in equation (5) must be considered when a thermal event is 
occuring, and is the slope of the curve at any point multiplied by the 
constant RC8. Since the slope at point x is the tangent d(Ts - Tr)/dt, 
the third term is equivalent to the vertical height yz shown in Figure k 
and may be determined if RCS is known. 

In DSC methods the exact compensation of energy supplied as electrical 
power is equivalent to measuring dq/dt in equation (l) and from the first 
time derivative of equation (2) a basic equation similar to (5) can be 
obtained for DSC, i.e., 

dh _ -dq  (Cg - Cr)dT. 

dt ~ dt dt 

p  RCS d
2q. 

dt3" (7) 

The terms on the right hand side of (7) represent the signal measured 
from zero (I in Fig. 5), the baseline displacement due to heat capacity 
difference between sample and reference (ll) and the slope of the recorded 
curve multiplied by RCS(III), respectively. 



Figure 5. VARIATION OF HEATING (COOLING) RATE OF SAMPLE WITH TIME 

The thermal resistance (R) In differential scanning calorimetry occurs only 
in the third tens of equation (f) and it is therefore possible to reduce 
the thermal time constant RCS by reducing R without sacrificing sensitivity 
so that, In the limit, the slope at any point represents the true thermal 
behavior of the sample without any thermal lag. 

The area under a DSC curve is equivalent to Aq and since Aq ■ -Ah 
the heat content change of the sample, Ah, can be obtained by determining 
the area under the curve when a standard calibrating substance such as 
a pure metal of known beat of fusion is used* Since R need net be known 
nor need it be constant, a single calibration is sufficient for the whole 
temperature range. The calibration coefficient in DSC to convert areas to 
calories is an electrical conversion factor. In quantitative DTA it is a 
thermal coefficient which varies with temperature. 

Heat capacity at constant pressure, Cp, can be determined by DSC by 
obtaining a baseline plot using two empty containers. The displacement 
from the zero line indicates the difference In heat content of the two 
containers. By repeat tag the same procedure under the same conditions 
with the sample in the sample container the recorded differential temper- 
ature will be directly proportional to the heat capacity of the sample 
after correction for container differences. Changes In beat capacity with 
temperature can thus be observed. 

It must again be nphaslzed that the data obtained are results of 
non-equilibrium or dynamic experiments. Since transition temperatures 
are dependent to a greater or lesser extent on beating rate the results 
at best can only be obtained within an accuracy of ± 5«O0. The method in 
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the first place is justified if only because of the lack of data on heat 
capacity of dye solids. 

d» Polymorphism in Dyes and Pigments 

Von Suslch (12) was one of the first to show that X-ray diffraction 
of dye solids could he used as a means of Identifying unknown dyes pro- 
vided sufficient data were available on known dyes to allow comparisons 
to be made. Be was careful to point out that the comparison should be 
made only when both dyes exist in the same structural modification. Va'lko 
(13) had earlier shown that vat dye crystals, formed on oxidation and/or 
soaping of heavily dyed films, could be detected by X-ray diffraction. 
Von Susich also examined dyeings of Indanthren Brilliant Scarlet RK, C.I. 
683OO, which changed in color from orange to scarlet on soaping with the 
development of crystals within the substrate. Although no comment is 
made on this point, the X-ray diffraction patterns show that these crystals 
differ from the type observed in the commercial powder of this vat dye. 

Previously, it had been shown (1*0 that Indanthrone, C.I. 69800, 

JpOO 
c.i. 69800 

ft 
could exist in four different forms. These were prepared by solution and 
subsequent precipitation or crystallization* The three metastable poly- 
morphs could all be converted to the more stable ar-form on heating to 250°C. 
The existence of four polymorphs of this compound has since been disputed 
by Warwicker (15) who claimed from X-ray data that only the a- and 8-forms 
described by Von Susich existed. Other vat dyes examined by Warwicker in- 
cluded pyranthrone, C.I. 59700, and 16, 17-dimethoxyviolanthrone, C.I. 59825. 

c.i. 59700 
CH30 OCH 

c.i. 59825 

The latter, Caledon Jade Green, possessed a completely different structure 
after a long period in storage In comparison with an old sample, freshly 
crystallized from pyridine. It was assumed that on storage a slow trans- 
ition to a more stable form occurred, or that an additional form of this 



dye was possible. It is noticeable that in this and other more recent 
work (l6) attempting to substantiate the existence of four polymorphs of 
ö^'-diethoxythioindigo, C.I. 73335» by X-ray diffraction, each form Is 

Akpo0^ C H O^V NC|^^      C#I* 73335 
2 5 £ 

obtained by a phase change in which the lattice structure Is destroyed 
and then reformed by a crystallization or precipitation process. No 
evidence, apart from the phase change in Indanthrone, has been presented 
to show whether thermal factors alone can Induce transitions in the solid 
phase. Polymorphism in disperse azo dyes and azo pigments has been 
studied to a lesser extent. Modifications are usually obtained by varying 
pH conditions in the coupling of the dlazotlzed amlne. By coupling 
diazotlzed Tobias acid to 2-naphthol to give C.I. Pigment Red 1*9 (C.I. 
31630) as the sodium salt, within the pH range 9-13» as many as four 

i°3N°  °* 
N=N 

c.i. 51630 

polymorphs have been reported (l?)* Also marked changes in habit of 
crystals of C.I. Disperse Yellow 3, have been observed (l8) with different 
coupling conditions, but verification that the dye may also exist In 
different structural modifications was not obtained. 

It is well known that many disperse dyes can undergo crystal growth 
during dyeing. It is usual to attribute such growth to the difference In 
solubility between small and large particles, the latter growing at the 
expense of the former. The possibility of nucleatlon and growth of other 
structural forms must always be considered. The presence of more than 
one modification in dyebaths of C.I. Disperse Yellow 3 has been shown by 
Jones (19)* Similarly, anomalous results In the rates of dyeing of poly- 
ester material with four pure dyes which had been pretreated In boiling 
water, and which had been Interpreted as being due to changes in crystal 
size (20), could equally well have been Interpreted in terms of the presence 
of different structural modifications. Finally, a mono-azo disperse dye 
has recently been prepared (21) In a uumber of structural forms sufficiently 
stable to be applied to fibers from aqueous dispersions. It is interesting 
to observe that each form gives a different saturation equilibrium value 
within the fiber, a value which up to recently has been considered as a 
thermodynamic constant in the dyeing theory of disperse dyes. 

On reviewing the Information up to this point, it Is obvious that there 
Is a lack of calorlmetric data available on dye solids. Also, and in view 
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of tht planar shape of these dye aolecolea with thtlr greater tendency to 
•tacking arrangaaante within tha crystal, transformation «ay only occur 
through hlghar anargy aolaeular randoaitatlon and re-formation proeaasaa. 
It waa tha purpoaa of thia project than, to obtain calorlaatrle data on 
dya aollda orer a rangt of temperatures. Darlatlonr from Unaar behavior, 
e.g., In haat capacity, on haatlng to tha salting point, any Indlcata 
changaa In cryatal atructura cauaad by migration of voids within tha 
lattica or by tha partial collapaa of tha lattlca landing to increases 
in the degree of diaorder. 
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The -lyes •bom In Table I were chosen on grounds of availability and 
art considered to ba representative of their chemical class for use aa 
disperse or vat dyes. Dyes I, XI and XXI were supplied as press-cake 
fron the manufacturer (Yorkshire Byeware Co., Ltd., 0. I.), XT as a 
commercial dye powder, latyl Tallow YDT (Oa Pont) and dyes V, TI, and VII 
as the solubllsed leuco-ester of the corresponding ladlgold or thlo- 
Indlgold derivative. I.e., Algoeol Bine 009, Algesol Orange BBCf and 
Algosol Brown 3HRD (OAF Corp.), respectively. 

a. Purification of Dyes 

Purification of dye samples Is necessary since the presence of im- 
purities can affect the type of modification produced and Its phyc'-»l 
behavior* Of a mnwjber of vat dyes of different chemical classes which 
were examined, the most easily purified were the lndigold and thlclndlgold 
derivatives. Conventional vat dyes similar in chemical structure to In- 
damthrone, for example, were difficult to recrystalllze from polar solvents 
without the possibility of solvent occlusion. Xn consequence of this, the 
use of sulphuric acid as a solvent, with the attendant risk of sulphate 
formation, was avoided. Also, the reduction and re-oxidation of vat dyes 
In aqueous media, again with the possibility of Inorganic occlusion, was 
not pursued, and vat dyes of high molecular weight were not examined further. 

Twenty-five grams of the crude press-cake of dyes X, XI and IXI, 
were each extracted with 500 ml boiling distilled water to remove water 
soluble matter. Bye I waa recrystallized from n-butanol to constant 
melting point and gi #en a final wash with cold ethanol to remove n-butanol. 
Disperse Violet 1, using acetone as solvent, could not be obtained 
sufficiently pure using recrystalHsation procedures „   A solution was there- 
fore chromatographed using an alumina column with benzene as solvent and a 
benzene/acetone, 3:1 (v/vj mixture as eluent. At least three colored 
impurities were removed by this method, even though the dye had previously 
been recrystallized to constant m.p. After chromatography, the dye was 
finally recrystallized from a benzene/acetone 3:1 (v/v) mixture. Bye XXX 
was treated as Bye X, also using benzene as the solvent. Disperse Yellow 
1*2 (XV) as commercial powder, was extracted with acetone in a Soxhlet 
extractor a* recrystallized from this solvent to constant m.p. 

Commercial samples of vat dyes Y, YI and VH were purified In an 
identical manner as follows: 

Two grams of the sulphuric acid ester of the leuco dye were 
dissolved in 200 ml distilled water at room temperature and the 
solution filtered. Two ml lOjt HC1 was added dvopwlse with gentle 
but efficient stirring to give a solution of pH 2-3, followed 
by dropwlse addition of a 0.^( solution of aqueous sodium nitrite 

12 



TABUS I - DIES USED 

Classification 
Dye Wo.   C.I, (fart I) Ho. Formulae Solvent 

"" 0 NHCH 

I Disperse Red 9 £Y   ^£) n-butanol 

n        Disperse Violet 1 OC^ *5?wT 
6       NH2 

•o—O IH      Disperse Yellow 3     CH C0H 

CH 

N02 

OH 

benzene 

QNH^S02NH^ 17        Disperse Yellow k2       \ss/'
nn\mr

9^wr\ia/ betone 

JL   NH 
V    Vat Blue 1 

NH'   C 
.-\ yXt^J) nitrobenzene 

0 

VI  Vat Orange 5 -U^/^^vki      nitrobenzene w    s    l 

VII  Vat Brown 5 
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until precipitation of the oxidized vat dye was completed. The 
suspension was filtered, testing the filtrate with sodium 
nitrite solution. The sample was then washed neutral with cold 
distilled water and finally with methanol and dried at < 6o°C. 

Each vat dye was then recrystallized twice from pure nitrobenzene, the 
crystals being finally washed well with methanol to remove residual 
nitrobenzene. At each purification step, with all dyes, thin layer 
chromatography using Eastman Chromatogram Sheet 6060 (silica gel on 
polyester film) pre-dried at 60°C was carried out. Disperse dyes were 
spotted on sheet using acetone solutions and developed with benzene/ 
acetone k:l  (v/v) mixtures and vat dyes were spotted and eluted with 
nitrobenzene. Purity was regarded as adequate when only one spot 
could be developed on the chromatogram. 

b. Methods and Procedure 

(1) Since it is the purpose of this research to examine physico- 
thermal behavior of the dyes in atmospheric conditions, a Du Pont 900 
Differential Thermal Analyzer was used, c^rating with a differential 
scanning calorimeter attachment. In this method it is possible, after 
calibration with a substance of known latent heat of fusion, to determine 
quantitatively any solid state transition or melting phase-change occur- 
ring in the dye. Samples of the same dye, prepared as different structural 
modifications can also be compared. 

(2) The dye solid during the course of heating or cooling cannot 
be observed in the calorimeter and a parallel investigation using a 
Thomas polarizing microscope fitted with a Kbfler hot-stage was carried 
out, using, as closely as possible, the same heating rates as those 
obtained with the DSC apparatus. 

(3) Heat capacity determinations for each form of the dye over the 
same temperature ranges as In (l) were also determined using the DSC 
apparatus. 

(k)   X-ray diffraction data for different structural forms were obtained. 

(5) Some evidence of structural modifications obtained in the pres- 
ence of dispersing agents in aqueous dispersions Is also given. 

Each of these sections Is described in more detail below. 

Differential Scanning Calorlmetry. A brief survey of the theory 
of differential thermal analysis and differential scanning calorlmetry 
has been given in the Introduction. Figure 6 shows a diagrammatic cross- 
section of the DSC cell used in this work. A Chromel wire is welded to 
the center of each raised platform of a Constantan disc providing 
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Reference        Sample     Metal 
Pan Pan       .Cover 

Heating 
Block 

Chrome) 
Alumel 

Chromel 

- Constantan 
Disc 

Figure 6. DSC CELL CROSS-SECTION 

thermocouple Junctions in direct contact with the reference and sample 
pans to measure the differential temperature. The temperature of the 
sample is determined by a Chromel-Alumel thermocouple Junction welded to 
the center of the sample platform. In addition to its use as thermo- 
couple Junctions for measuring temperature, the Constantan disc serves 
as the beat source for the sample and reference pans by acting as the 
thermal path from the heating block. Radiation cooling effects are minimized 
by provision of a silver ring and lid surrounding the sample and reference 
chamber. The whole Is covered by an inverted metal (steel) cover and 
protected from draughts by an inverted bell-Jar. 

Calibration of Instrument. Since the thermocouples in the DSC 
cell do not penetrate the sample, the peak temperature for a thermal event 
differs from the peak temperature determined by DTA mode in which thermo- 
couples are embedded in sample and reference held in capillary tubes. 
It has been found (22) that the extrapolated onset-temperature in a DSC 
cell corresponds to the peak temperature of a DTA cell, but there Is only 
a slight difference for small samples. All temperatures were therefore 
considered to be peak temperatures. In quantitative work, all samples 
for calibration and all dyes were weighed on a Cahn RG ELectrobalance in 
tared sample containers with an accuracy of ± 0.01 mg. The balance was 
used as a null-point Instrument by connecting the recorder out-put to a 
Leeds & Northrup galvanometer. 

The areas under peaks were obtained by means of a Keuffel and 
Esser Co. FLanimeter No. U23O taking the mean value of at least six 
determinations of area in each case. 
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The mean calibration factor (E) for the Instrument to deter- 
mine beats of fusion or transition vas obtained using supplied samples of 
Indium and tin, and using the procedure laid dovn In the Instrument 
Instruction manual as follows: 

Approximately 15 mg metal sample, M, in a sealed pan Is heated 
at a rate, a, of 10°C/mln. with a Y-axis sensitively, ATg, of 
l°C/in. and an X-axis sensitively T8 of 20°C/ln. Knowing the 
area under the curve (A) and from the known heats of fusion, 
t£f,  the calibration factor can be obtained from the expression: 

E 
AHfMa 

Äläyr8 
(8) 

Table II gives values of E determined In this way, from which the mean 
calibration factor is found to be I3O.7 mcal/°C/mln. 

TABLE II - CALIBRATION FACTORS 

ABf* M Area E 
Metal cal/gm. mg. ln.a mcal/°C/rain. 

Indium 6.79 16.00 
16.00 

0.42 
0.42 

129.33 
129.33 

Tin 14.20 15.03 
15.03 
14.78 

0.82 
0.81 
0.79 

130.13 
131.74 
132.80 

♦American Institute of Physics Handbook 

Typical traces obtained for these two metals at the melting point are 
shown in Figure 7. 

Endo 

ATS« I 0°C 

1 -   -s       v-~ Bot« line 

150       16O       170       160    - „    220     230      240     250      260 

FiQun 7    CALIBRATION   THERM06RAMS   FOR  INDIUM   AND  TIN 
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I Optical Examination. All dye solids were examined by hot-stage 
microscopy using a Kofler-Thomas hot-stage microscope operating at an 
approximate magnification of X200. Thermometers were calibrated against 
the melting points of pure test substances supplied. The mlcrscope 
was unsuitable for photography. All photographs were obtained with 
a 35 mm camera fitted to a Bausch and Lomb "Microzoom" Model H binocular 
microscope. Exact magnification was measured from photomicrographs of 
a one mm scale divided into 100 divisions. Kodak "Plus-X" panchromatic 
film, speed 125 ASA was used in conjunction with a Bausch and Lomb 0.7 
neutral filter with a light source setting of k.   Exposure times for low 
power (X260 on photographs shown) and higher power (X530) were I/25 and 
l/lO sec., respectively. 

Dry samples of dye crystals were placed between the slide and a 
cover slip, where there was any obscuring tendency by sublimation of 
volatile dye on to the cover slip, the latter was removed before heating. 
Melted samples were allowed to cool naturally before examination of the 
re-crystallized melt. 

Specific Heats - Calibration. In determining specific beats of 
unknown substances the value of E, for greatest accuracy, should be de- 
termined by calibration using known data for the calibrating substance. 
We have found, however, that the value of E determined from known heats 
of fusion of metals gives values for specific heat which are comparable 
with literature data shown in Table III. 

The method described briefly in the Introduction (page 8) re- 
quires the establishment of an initial thermal equilibrium position in 
which the reference pan and the unsealed sample pan temperatures are 
maintained constant at zero differential temperature (point A - Fig. 8). 
After thermal equilibrium has been reached, the cell is heated at a 

[ 
AT 

T°C 

Figure 8.   DETERMINATION OF SPECIFIC  HEATS 
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predetermined rate, usually 20°C/min. over the temperature range required. 
The pans are again brought to thermal equilibrium at point B. The 
deflection of the curve over this range is due to differences in heat 
content of the two containers. After addition, weighing and sealing of 
the test sample in its container the procedure is repeated to give the 
lower curve in Figure 8. The specific heat of the test sample at constant 
pressure in cal/gm/°C at temperature T, is given by the expression: 

_   AT x E 
CP ~ Mx a (9) 

where E is the previously determined calibration factor, M is the mass of 
sample and a is the heating rate. Calibration runs carried out with pure 
samples of zinc, Atomic Wt., 65.38» at 20°C/min. gave the following 
specific heat values shown in the second column of Table III. 

TABLE III - SPECIFIC HEATS OF ZINC 

Specific Heat, Cp Specific Heat, Cp 
Temperature Observed Calculated 

°C cal/R.atom/°C 

6.28 

cal/ß.atom/°C 

125.0 6.32 
135.0 6.28 6.35 
1U5.0 6.28 6.38 
155.0 6.3U 6.1*0 
I65.O 6.3^ 6.1*3 
175.0 6.U1 6.U6 
I85.O 6.U7 6.W 

They may be compared with values in the third column, calculated from 
the equation (23) 

Cp = 25.10 + 11 x 10
_3T + (10) 

valid over the range 0-300°C. T Is measured In °C. The agreement Is 
better than ± 1.5# over the range examined and the calibration factor 
E = I3O.7 mcal/°C/min. is therefore considered valid for both heats 
of fusion and specific heat measurements. 

X-ray Diffraction. X-ray diffraction powder photographs of 
samples contained in silica tubes, 0.5 mm diameter, were obtained with a 
North American Philips Co. powder camera using a Cu Kor source of radiation 
of wavelength (X) of I.5U18 A. Exposure times varied and the interplanar 
d spacings were calculated according to: 

d = 
_X  
2 sln~5 (11) 
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where 6 is the angle subtended between pairs of symmetrical arcs. Cal- 
culations were carried out on a Hewlet-Packard computer. Intensity of 
arc was visually estimated on an arbitrary 1-10 scale taking the most 
Intense line as 10. 

Form Modification under Aqueous Conditions. As a prelude to 
further Investigation, qualitative examination of possible changes In 
form, either morphological or structural, of dyes I, II and III under 
conditions of dyeing was carried out. 

Exactly 0.03 gran of each dye (prepared as described on page 
12) was made up as a 25.0 ml suspension In a 0.015% aqueous solution of a 
dispersing agent, Triton X-100*, an alkylarylpolyethyleneoxlde alcohol 
of general formula, R-ArCoCB^CE^^-ioOH. The suspension was heated under 
reflux at 85*3 ± 0.1 C in a thermostat bath and maintained at this temp- 
erature for three hours with occasional shaking. During this time, 
small samples were removed at intervals and examined microscopically. At 
the end of this period, the samples were filtered, washed free from dis- 
persing agent with water at room temperature and after drying at < 6o°C 
examined by DSC, and in the case of dyes II and III by X-ray diffraction. 

nils procedure was ulso repeated for suspensions made up with 
0.015% solutions of an anlonic dispersing agent, Tamol If*, the sodium 
sulphonate of a naphthalene-i'ormaldehyde condensate and Retarder LAN*», 
a catlonic reagent of unknown structure. 

♦Available from Rohm and Haas Co., Philadelphia 5,Pa. 

♦♦Available from E. I. DuPont de lemours Co., Inc., Wilmington, Delaware 
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RESULTS 

For the purpose of later discussion, the results for each dye are 
presented In two main sections. In the first section, data on differential 
scanning calorimetry, visual observation and X-ray powder analysis for 
each dye are presented in that order. Heat capacity data for each dye 
are described in a second separate section since these data are treated 
in a different manner In discussion. 

Section I - Differential Scanning Calorimeter 
Visual and X-ray Results 

Dye I - C.I. Disperse Red 9 - 1-Methylamlnoanthraquinone 

This dye crystallizes from n-butanol as a polycrystalllne pale red 
material consisting of long thin plates and needles with no regular 
habit. This form is shown in Figure 9a• 

Several thermograms of this form of dye I were obtained at different 
heating rates using hermetically sealed containers. They show the shape 
of curve 1 In Figure 10. Only one phase change can be seen, that of 
melting at l69°C. However, on allowing the molten dye to cool and solidify 
and repeating the heating process, curve 2 was obtained, in which a second 
endothermic peak develops at 158°C. On additional recycling, curves 
3 and k were obtained; no other change occurred and the two peaks, of 
approximately equal area, persisted. 

For quantitative calorlmetric data, the X-axls temperature scale 
must be that of the reference sample. Since the reference temperature is 
programmed in a linear manner, the plot of AT against temperature is 
equivalent to a time-based plot. The sample and reference positions must 
therefore be reversed. Slight differences in transition and melting 
temperatures were found when this procedure was adopted. Peak areas 
were determined in this manner for both the crystalline and melt-solidified 
dye. The molar enthaJ.py changes of transition or melting were determined 
from the equation, 

AH = 130.7 AAT8TSM (ig) 

ma 

where A Is the peak area in sq. in., £KS,  the Y-axis sensitivity in °C/in., 
Ts, the X-axis sensitivity in °C/ln., M Is the formula weight, m the mass 
of sample in mg. and a is the heating rate in °C/min. 

Enthalpies of transition and fusion for both forms of the dye are 
Bhown In Table IV. 
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(a)  X530 
Recrystailized 

(b)   X530 
Melt-solidified 

^ 

Figure 9.      RECRYSTALLIZED AND MELT-SOLIDIFIED FORMS 

OF C.I. DISPERSE RED   9 
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